Introduction
Synthetic plastics have been used for various purposes, especially in the packaging industrial sector; however, the majority of these materials constitute at present a serious problem of waste management.
Biodegradable polymers have attracted special attention as a potential solution of this problem, since they can be biologically degraded and therefore can be considered as environmental friendly materials. Among these, a special attention has been given to poly(ε-caprolactone) (PCL),a linear aliphatic semicrystalline polyester, synthesized by ring-opening polymerization of the cyclic lactone in presence of a catalyst. PCL is a polymer with good ductility because of its low glass transition temperature of -60 o C.
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PCL has been used in many applications; its biodegradability, biocompatibility and environmental friendliness have contributed to this purpose. It is a prime candidate for use in a variety of disposable materials that are used in food and medical packaging and other consumer items, since plastics disposal is becoming difficult as a result of diminishing landfill space. Its physical properties and commercial availability make it very attractive, not only for specific tools in agriculture for which biodegradation may be required, but also as a substitute of non biodegradable polymers for commodity applications. However, PCL has a low melting temperature (∼65°C) and poor thermal and gas barrier properties, which are the main limitations to expand PCL applications to other industrial sectors, such as packaging, in which biodegradability is often sought. These drawbacks could be overcome by dispersion of nanoparticles in PCL to prepare nanocomposites that has proven to be suitable for several applications. [5] [6] [7] [8] [9] [10] In this work PCL/bentonite (PCL/MMT) and PCL/organo-modified bentonite (PCL/OMMT) nanocomposites were processed by melt extrusion followed by injection. Bentonite is natural clay whose main component is the mineral montmorillonite; bentonites are a valuable mineral class for industrial applications because of their high cation exchange capacity and high surface area. However, pristine bentonites contain many impurities, including clay and non-clay minerals as well as organic matter that may interfere with their cation exchange capacity as well as with nano dispersion of the load into the polymer matrices. In their natural form, bentonites are hydrophilic, which may make them difficult to disperse in hydrophobic polymer matrices. In previous work, our research group obtained better clay dispersion results using clay organophilization, a procedure where interlayer inorganic cations are replaced by organic quaternary ammonium cations, to increase the clay interlayer distance and diminish its hydrophilic character, leading to intercalated or exfoliated clay/polymer systems. [11] [12] [13] The main objective of this work is to investigate the degradation behavior of PCL, PCL/MMT and PCL/OMMT compounds in vacuum at 40 o C for up to 45 days and in Poly(Ɛ-caprolactone)/montmorillonite (PCL/MMT) and Poly(Ɛ-caprolactone)/organo-modified montmorillonite (PCL/OMMT) compounds at 3% w/w clay content were prepared by melting mixing. The effect of MMT and OMMT on the degradability of PCL injected specimens was investigated in vacuum at 40 o C for up to 45 days and in aqueous medium at 40 o C for up to 45 days. Selected specimens were collected after 15, 30 and 45 days of exposure. Microstructural changes were monitored during the degradation experiment by means of melt flow rate (MFR), weight loss, X ray diffraction (XRD), mechanical properties, and scanning electron microscopy (SEM). PCL and its compounds revealed not to be prone to hydrolytic degradation with similar results for MFR of samples exposed in vacuum and water. Gain and loss of weight were observed during experiments, probably due to swelling mechanism taking place in two stages, with the amorphous phase being the first to be swelled followed by the crystalline one. By XRD a new peak corresponding to (002) plane was evident for PCL/OMMT. PCL proved to be resistant to degradation since experiments carried out in vacuum or in aqueous medium for up to 45 days were not enough to affect the mechanical integrity of PCL samples. 
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Methods
Compounding
Masterbatches of 1/1 PCL/clay were made by melt intercalation in a thermokinetic mixer model MH-50H; and ground in a knife mill. The concentrates were diluted to final clay concentration (3% w/w) with neat PCL in a corotating twin screw extruder Coperion-Werner&Pfleiderer ZSK 18 operating at 80-90 o C and 180 rpm, followed by grinding in a knife mill. Compounds were oven dried for 24hours at 40 o C. Same procedure was applied to neat PCL. Specimens of PCL, PCL/MMT and PCL/OMMT 3% w/w of clay content for tensile and impact testing according to ASTM D638 and ASTM D256 standards were injection molded in a Fluidmec H 30/40 at 60-70°C.
Bentonite clay organophilization
Bentonite clay, as received was screened and organophilized with quaternary ammonium salt, Praepagen HY -(alkyl dimethyl hydroxyethyl ammonium chloride) following the procedure reported elsewhere. [11] [12] [13] Hydrolytic and thermal degradation 
Characterization
Torque rheometry
Neat PCL, and PCL /MMT and PCL /OMMT compounds with 3%, 10% and 20% clay content, were processed in a HaakeRheomix 600 laboratory internal mixer at 60 rpm for 20 minutes, with the chamber wall kept at 80°C. Torque and temperature as functions of time were plotted for PCL and its compounds.
Heat deflection temperature (HDT)
Heat deflection temperature tests carried out in a HDT 6 VICAT P/N 6921.000 instrument (Polymer Laboratory of Federal University of São Carlos -Brazil) according to ASTM D648. Experiments were conducted at load 455kPa, heating rate 120 o C/h, specimens were submersed in a silicone bath oil. HDT was determined at 0.25mm of specimen deflection. Presented results are the average of three tests.
Weight loss experiments
Selected specimens were weighted before and after exposure to degradation experiments; changes of weight were computed according to equation:
Where: W o and W f are specimens weight before and after degradation experiments, respectively.
Mechanical tests
Mechanical properties in tension were measured according to ASTM D638; tests were conducted in an EMIC DL 10000 testing machine operating at 50 mm/min elongation rate and 200kgf cell load. Impact tests were carried out in a CEAST Resil-5.5 impact machine operating with a 2.5J pendulum on notched specimens in Izod configuration, according to ASTM D256. Presented results are an average of seven tests.
Melt flow rate
Melt flow rate experiments were performed according to ASTM 1238 in a DSM Plastometer MI-3 at 160 o C under a load 2.16 kg; samples were collected after flowing for 10 seconds. Presented results are the average of five tests.
X-ray diffraction (XRD)
X-ray diffraction (XRD) experiments were executed in a Shimadzu XRD-6000 instrument in the region of 2-30° (2θ), with K αCu radiation, tension 40 kV, current 30 mA and scan rate 2°/min.
Scanning electron microscopy (SEM)
Scanning electron microscopy images were acquired in a SSX 550 Superscan-Shimadzu with 15 KV. Fractured surface from mechanical test was covered with gold to avoid accumulation of charges.
Results and Discussion
Organophilization procedure X-ray diffratograms of bentonite clays, MMT and OMMT, used in this work are shown in Figure 1 . The organophilization procedure was successful as the basal distance increased from around 1.31nm to 1.91nm, indicating that the organic cation was incorporated within the clay galleries, possibly increasing the affinity between PCL and OMMT.
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Thermal stability during processing Torque rheometry was used to investigate the thermal stability of PCL and PCL/bentonite compounds during processing. Torque value is directly proportional to the polymer viscosity, at constant processing conditions, namely temperature and rotor speed, results of torque may be understood as an indirect measure of molecular weight. Falling down of torque at constant temperature means decreasing in molecular weight, suggesting polymer degradation took place during processing. A constant torque plateau, is an indicative of absence of degradation during polymer processing. [14] [15] [16] Figure 2 shows temperature and torque versus time plots for PCL/bentonite compounds up to 20% w/w clay content. PCL/MMT compounds show constant temperature and torque plateaus for 20 minutes processing time, evidencing absence of molecular weight decaying. PCL/MMT with 20% w/w clay content presented slightly higher torque values, probable due a higher clay content. PCL/OMMT with 20% w/w clay content presented a mild decrease in the torque at constant temperature after 8 minutes of processing, suggesting that degradation reactions took place that may reflect in a drop of PCL molecular weight. It is believed that ammonium salt clay interlayer favored a decreasing in the thermal stability of PCL/OMMT and promoted the degradation.
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Among the compositions PCL/MMT and PCL/OMMT analyzed, compounds with 3% w/w clay content were selected for the degradation studies. o C and 51.45 o C, were obtained for these compositions. Upon clay addition PCL keeps its mechanical performance at higher temperatures. This result may be understood as an evidence of affinity and good dispersion of bentonite into PCL matrix (see SEM images in Figure 9 ), where clay particles interact with PCL macromolecules; these new interactions may support higher stress levels as those applied during HDT experiments.
Heat deflection temperature (HDT) measurements
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Melt flow rate Although PCL is a polyester, it is known from literature not be prone to hydrolytic degradation, this statement may be checked in Figure 4 , which shows that tests executed under vacuum and aqueous medium presented very similar results. According to these results, unlike others polyesters as PET and PBT which degrade very fast by hydrolyses reactions, PCL has showed to keep its performance in aqueous medium suggesting that PCL products may be projected for using in humid conditions.
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Weight loss measurements during degradation experiments
Selected specimens were weighted before and after degradation experiment, and their weight changes computed according to the following equation:
Where: W o and W f are specimens weight before and after degradation experiments, respectively. Regarding the degradation experiments carried out in aqueous medium at 40 o C, after 15 days was observed an increase in the specimen weight, leading to negative values of W L ; the same trend was observed after 45 day of exposure. The values -0.25%, -0.65% and -0.63%; 0.76%, 0.35% and 0.48%; -0.54%, -0.64% and -0.50% were computed after 15, 30 and 45 days of exposure, for PCL, PCL/MMT and PCL/OMMT, respectively.
The swelling of semi-crystalline polyesters in aqueous media has been reported to occur in two steps: the first step starts with water diffusion into the amorphous regions, which are less organized and allow easier water penetration into the polymer matrix. The second step starts after most of the amorphous regions to be swelled, then the mechanisms proceeds from the edge toward the center of the polymer crystalline domains. 26, 27 In the present work it is possible that, initially, water diffused into the amorphous zones, resulting in negative values for W L and sample weight increased. Stabilization of the amorphous zone increased W L , as observed at 30 days of exposure. Advancing with the experiment time, water diffuse into the remaining amorphous and crystalline zones promoting a decrease in W L , observed after 45 days of exposure. Possibly, for longer times, swelling of the crystalline phase would take place and higher values of W L would be obtained. Figure 6 and Tables 1 and 2 display mechanical properties results of neat PCL, PCL/MMT and PCL/OMMT compounds subjected to degradation experiments. In principle, mechanical properties changed little during degradation and almost all compositions presented approximately the same values for elastic modulus, yield stress, tensile strength, and elongation at break; neither water nor vacuum experiments showed meaningful changes in mechanical response of the compositions studied in this work.
Mechanical Properties
Regarding to elastic modulus, results are a little higher for vacuum tests compared with those done in aqueous medium. In relation to degradation time, results for 30 days of exposure are higher than those for 15 and 45 days. It is most likely that for 30 days, degradation of the amorphous zones has taken place and the specimens became stiffer; these results agree with Figure 5 .
Results for yield strength, Figures 6 c and d (and Tables 1 and 2 ), for neat PCL are higher under aqueous medium, whereas for PCL/MMT and PCL/OMMT compounds, higher values were obtained in vacuum. Bentonite clay may be abrasive filler, and may interact with PCL macromolecules, probably increasing the hydrolytic degradation.
As PCL melt crystallization ranges from 19 o C to 40 o C, it is possible during degradation experiments at 40 o C, under both conditions, i.e., aqueous medium and vacuum, isothermal crystallization took place promoting an increase on the crystallinity degree and so on the density of the specimens what could have conducted to a higher Elastic Modulus and Yield Strength values.
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Concerning the results of elongation at break, the lowest values were observed for PCL/OMMT compounds. Two effects should be considered in this case, the addition of bentonite to PCL and the organophilization of the clay that could result in a stiffer and brittle compound.
Degradation times investigated in this work weren't long enough to promote considerable changes in the tensile specimens' integrity, as may be visualized in Figure 6 . Mechanical properties were almost unchanged after 45 days of exposure.
Impact strength measurements
An interesting behavior occurred during impact experiments. It was impossible to conduct the impact test with the specimens subjected to degradation under vacuum at 40 o C for 30 and 45 days, since they melted during degradation experiment. Probably it was caused due to the lightweight of the impact specimens that is approximately 2.5 g whereas the tensile specimen´s weight is approximately 10 g. This result should be taken as a warning: PCL may melt at temperature as low as 40 o C. On the other hand, all specimens immersed in water at 40 o C, did not melt and impact test were executed for 15, 30 and 45 day of exposure. Figure 7 and Tables 3 and 4 show the collected data from impact tests. A different behavior was verified for neat PCL after 15 exposure days: under vacuum, it presented very high value of impact strength while compounds with MMT and OMMT presented lower results; we have not found a plausible explication for it.
In general impact strength of PCL/MMT and PCL/OMMT compounds was lower than neat PCL; bentonite clay particles may be acted as stress concentrator inside the PCL matrix and decreased the impact response.
X ray diffraction (XRD) measurements
The study of the effect of degradation on the crystalline phase of PCL and its compounds with bentonite clay was performed by means of XRD. Figure 8 presents X ray diffratograms of PCL, PCL/MMT and PCL/OMMT compounds subjected to degradation experiments.
XRD tests performed with degraded specimens under vacuum or in water did not present significant changes in the XRD peaks. This result may be interpreted as the absence of PLC intercalation in the interlayer spacing of the clay. Degradation did not cause major changes in the crystalline character of PCL, whereas all diffratograms peaks were observed around 21,1° and 23,5° corresponding to basal distance 0.42 nm and 0.38 nm due to 110 and 200 planes.
For PCL/OMMT compounds degraded in water, the increase of basal distance (d 001 ) was more pronounced for 45 days (d 001 =2.84 -3.11nm); and a new peak corresponding to a (002) plane with d 002 =1.56 -1.64nm was observed after 15 exposure days. [24] [25] [26] [27] Scanning Electron Microscopy (SEM) Images SEM images of fractured surface of PCL and PCL/MMT compounds, non-degraded and immersed in water for 45 days, acquired during impact test, are presented in Figure 9 . These surfaces were covered with gold to avoid accumulation of charges. Figure 9 (a) shows SEM image of non-degraded PCL, a ductile fracture with plastic deformation may be observed. Regarding to the effect of degradation on the PCL microstructure none significant modification is verified by SEM, seeing that ductile fracture and plastic deformation is evinced as illustrated in Figure 9 (b). It is worth mentioning these experiments were done in ambient temperature (∼ 23 o C), this temperature is high enough to allow macromolecular movements and to promote the development of PCL rubbery phase that probably conducted to the plastic deformation observed in Figure 9 (a) and (b) .
In Figure 9 (c) MMT particles are clearly seen, some of them seem to be detached from PCL matrix, a ductile fracture is also observed, however, less plastic deformation is observed in relation to neat PCL, this aspect agrees with the lowest values of impact strength obtained for the compounds with bentonite ( Figure 7 ). In Figure 9 
Conclusions
Adding bentonite to PCL increased its thermal stability by 26% and 21% as observed for HDT experiments of PCL/MMT and PCL/OMMT, respectively. PCL and its compounds were verified not to be prone to hydrolytic degradation, MFR tests showed similar results in vacuum and water after 45 days of exposure. PCL immersed in water for 45 days presented a swelling process in two stages, probably; first amorphous zones are swelled at 15 days of exposure followed by the crystallines ones at 45 days. According to XRD diffratograms, neither addition of bentonite nor degradation experiments changed the crystalline character of PCL. Bentonite was observed to be well dispersed in PCL matrix by SEM images, a ductile fracture with plastic deformation was also observed for neat PCL and its compounds. Impact specimens subjected to degradation experiments in vacuum at 40°C melted, what may be linked to their lightweight (2.5 g). Degradation experiments performed with thick tensile specimens (10 g) for 45 days in vacuum or in aqueous medium at 40°C were not enough to affect the mechanical integrity of PCL specimens what is a good result since PCL products may be used in these drastic conditions with no damage.
